1. Introduction {#sec0005}
===============

Acetaminophen (APAP, Tylenol^®^) is a widely used analgesic and antipyretic drug. Although generally considered safe when used at doses recommended by the manufacturer, APAP overdose is one of the most common causes of poison-related hospitalizations and acute hepatic failure in the western world [@bib0045], [@bib0145]. Many reviews have summarized the current knowledge about the contribution of APAP metabolism to the generation of hepatotoxicity [@bib0090], [@bib0240], [@bib0110], [@bib0165]. Briefly, hepatic metabolism of APAP by phase II conjugation produces nontoxic glucuronide and sulphate metabolites. A small amount of APAP undergoes CYP P450 oxidation [@bib0030], [@bib0080], [@bib0060] to form the highly reactive metabolite *N*-acetyl-*p*-benzoquinone imine (NAPQI), which is detoxified by hepatic glutathione (GSH). However, with APAP overdose and saturation of conjugation, high levels of NAPQI result in depletion of hepatocellular GSH and covalent binding of NAPQI to macromolecules, including cytosolic and mitochondrial proteins [@bib0170], [@bib0180] giving rise to APAP protein adducts. Other contributory events include mitochondrial dysfunction, ATP depletion, generation of reactive oxygen and nitrogen species, and apoptotic signaling [@bib0075], [@bib0085], [@bib0090], [@bib0110]. Finally, other key events follow the initial insult such as inflammation, repair and hepatic regeneration, all of which play a major role in the outcome of APAP-induced hepatotoxicity [@bib0165]

Even though mechanisms of APAP toxicity have been widely studied, few investigations have examined the role of phospholipid homeostasis and disruption in APAP liver injury. Several experimental studies in animals and cell cultures have reported a depletion of phospholipids, suggesting either the inhibition of enzymes involved in phospholipid synthesis and/or an increase in activity of hepatic phospholipases in APAP toxicity. In 2003, Coen et al. [@bib0020] reported the depletion of phospholipid species in the livers of mice treated with toxic doses of APAP, suggesting the involvement of free radical damage or lipid peroxidation. Cheng et al. [@bib0015] reported lower levels of several lysophosphatidylcholine (lysoPC) species, lysoPC-C20:4, -C18:0, -C20:3, -C22:6 and -C18:3, in the serum of mice treated with toxic doses of APAP. Of the observed perturbations, LysoPC-C20:4 arachidonic acid (AA) was identified as the major metabolite that decreased in association with increasing hepatotoxicity. Two studies [@bib0050], [@bib0215] used a rat model of APAP toxicity and reported lower levels of serum and hepatic phospholipids with concurrent increases in free fatty acids. Baseline levels of the metabolites were restored upon pre-treatment of the animals with hepato-protective compounds like methanolic extract of *Asteracantha longifolia* seeds and extract of *Premna tomentosa* [@bib0050], [@bib0215]. Despite these findings, little is known about the underlying molecular mechanisms that drive phospholipid perturbations in APAP toxicity.

To describe and further elucidate the role of phospholipids in APAP toxicity in humans, we examined changes in serum phospholipids in response to APAP exposure and the relationship of these changes with clinical indicators of hepatotoxicity in children with APAP overdose. Targeted metabolomic analyses of 180 metabolites, including 87 different phospholipid species,14 lysoPCs and 73 PCs, was performed using serum samples in three groups: (a) hospitalized children receiving low dose acetaminophen for treatment of pain or fever, (b) healthy controls and (c) children and adolescents hospitalized for APAP overdose. Phospholipid profiles were compared to ALT (alanine aminotransferase), the clinical indicator of liver injury, and to APAP protein adducts [@bib0170], an indicator of oxidative metabolism.

2. Materials and methods {#sec0010}
========================

2.1. Study population {#sec0015}
---------------------

This was a multicenter study of APAP toxicity in children aged 2--18 years that was approved by the institutional review boards of all participating institutions. Following informed consent and assent when age appropriate, blood samples were collected from study subjects. As noted in two previous publications from this study cohort [@bib0005], [@bib0115], the study included three subject subgroups as follows: group A (therapeutic dose group), defined as hospitalized children receiving APAP per standard of care; group B (control group), defined as healthy children with no use of APAP in the preceding 14 days; and group C (overdose group), defined as children requiring hospitalization for treatment of APAP overdose. Hospitalization of children with APAP overdose was determined according to published guidelines and included history of excessive dosing of APAP of \>150 mg/kg and elevation of APAP concentrations in peripheral blood, plotted as a function of the time elapsed from the time of the overdose [@bib0120].

2.2. Sample collection {#sec0020}
----------------------

For subjects in group A, blood samples were collected prior to receipt of the first APAP dose 'on study' and thereafter at 8 and 24 h after the first dose of APAP, followed by convenience sampling throughout the period of hospitalization. APAP dosing, route and frequency were at the discretion of the treating physician for subjects in group A. A single blood sample was collected in group B subjects and admission and daily morning blood samples were collected in subjects in group C. All samples were collected in accordance with a Manual of Operations and Procedures developed for the study. For each sample collection, 1.5 ml of whole blood was obtained in a 5 ml red-top tube. The tube was inverted 8--10 times; and the sample was allowed to clot at room temperature for 30 min and centrifuged at \<1300 RCF for 10 min at 4 ° C. The resulting serum was aliquoted into cryovials and frozen at −70 ° within one hour for future batch analysis.

For all subjects that had sera collected at multiple time points per group, APAP adducts, ALT and metabolite levels were assayed at each time point and the peak values for each of the parameters were considered for downstream statistical analysis.

2.3. Clinical data {#sec0025}
------------------

Demographic (age, gender, race, weight and height), clinical (APAP dose, route, dose interval, *N*‑acetylcysteine dose, route, cumulative dose and reason for hospitalization) and laboratory data (serum ALT and international normalized ratio \[INR\] for prothrombin time) were recorded in a specific database designed for the study [@bib0120].

2.4. Clinical chemistry {#sec0030}
-----------------------

Circulating levels of APAP protein adducts have been established as a biomarker of APAP toxicity in experimental models and clinical samples [@bib0040], [@bib0170]. Serum samples were analyzed for APAP protein adducts by high-performance liquid chromatography with electrochemical detection (HPLC-EC) as previously reported [@bib0040], [@bib0170]. Measurement of serum ALT was performed in the clinical chemistry laboratories at the participating institutions using standardized methods.

2.5. Metabolomics analysis {#sec0035}
--------------------------

The Absolute-IDQ^®^ platform (p180 kit, Biocrates Life Sciences AG, Austria) was employed for targeted metabolite profiling as described by the manufacturer. This platform detects a total of 180endogenous metabolites, including 30 amino acids and biogenic amines, 40 acylcarnitines (Cx:y), hydroxylacylcarnitines (C (OH) x:y) and dicarboxylacylcarnitines (Cx:y-DC), the sum of hexoses, 14 sphingomyelins (SMx:y) and sphingomyelin derivatives (SM (OH) x:y), 9 bile acids as well as 14 lyso-phosphatidylcholines (lysoPC) and 73 phosphatidylcholines (PC). The phospholipids are further sub-categorized with respect to the presence of an ester ("a") or an ether ("e") linkage in the glycerol moiety. The two letters "aa" (=diacyl) and "ae" (=acyl-alkyl) indicate that two glycerol positions are bound to a fatty acid residue, while a single letter "a" (=acyl) indicates the presence of a single fatty acid residue. The lipid side chain composition is abbreviated with "Cx:y", where "x" denotes the number of carbons in the side chain and "y" the number of double bonds [@bib0105]. A detailed list of all analyzed metabolites has been published [@bib0100], [@bib0230].

The identification of lipids in Biocrates technology is based on the specific fragmentation of lipids in the triple quadrupole mass spectrometer, i.e. multiple reaction monitoring (MRM) in the tandem MS--MS. The transitions, from parent ions (M+H) to daughter ions, applied here are selective for the classes of compounds targeted in the Kit.

Waters' ACQUITY UPLC^®^ System with Xevo triple-quadrupole mass spectrometer (Waters, MA, USA) combined with the AbsoluteIDQ^®^ p180 Kit was used for rapid and quantitative analyses by stable isotope dilution mass spectrometric analysis. The kit contains a 96-deep-well plate with filter plate attached and sealed, and includes isotope-labeled internal standards and seven calibrators sufficient for quantitation of metabolites and three levels of quality control samples (low, medium and high concentration spiked human plasma). The chromatographic separation was carried out using a Waters BEH C18 UPLC Column (2.1 × 50 mm, 1.7-μm particle size). Mobile phase A was 0.2% formic acid in water (Fisher Optima grade). Mobile phase B was 0.2% formic acid in acetonitrile (Fisher Optima grade). Analytes were detected on a Xevo triple quadrupole mass spectrometer operated in positive electrospray ionization mode with a capillary voltage of 3.3 kV. The source temperature was 150 °C, the desolvation temperature was 400 °C and the desolvation gas flow rate was 700L/h. Data was processed using Mass Lynx v. 4.1 (Waters) and imported into the MetIDQ software (Biocrates) for further analysis and validation. The limit of detection (LOD) was calculated from the average of zero samples (PBS, Sigma-Aldrich) run in triplicate with each individual 96 well plate. For statistical analyses, only metabolites were chosen for which metabolite concentrations exceeded the mass spectrometer detection limit. For the quantitative analytes (amino acids and biogenic amines), the concentrations were extrapolated from the calibration curve generated using the seven level calibrators provided in the AbsoluteIDQ^®^ p180 Kit.

2.6. Statistical analysis {#sec0040}
-------------------------

Since samples over multiple time points were obtained for the study subjects in Groups A and C, the data were analyzed by peak measured value for ALT, APAP protein adducts, and metabolites [@bib0005], [@bib0115], [@bib0120], [@bib0125]. The non-parametric Kruskal-Wallis test followed by post-hoc Dunn's test was used to compare analytes between the three subject groups. The Mann Whitney U Test was used for pairwise comparisons for ALT and APAP protein adducts. Spearman rank correlation coefficients were calculated to assess the relationship between ALT, APAP protein adducts and endogenous metabolites. A p value \<0.05 was considered to be statistically 'significant' for all analyses. A receiver operating characteristic (ROC) analysis was performed on the most significantly changing metabolite to assess its performance as a binary classifier. All statistical analyses were performed by the open source statistical software package R. Multivariate data analysis was performed using the R package chemometrics [@bib0225] and SIMCA-P+ software (Umetrics, Kinnelon, NJ, USA). The data matrix was transformed by autoscaling and a final partial least squares discriminant analysis (PLS-DA) model was generated to identify metabolites that closely associated with the toxicity status. Major latent variables in the data were represented in a scores scatter-plot and the significant predictors were identified by their contribution to the PLS vectors in the loadings scatter plot as well as based on their variable importance on the projections (VIP) scores.

3. Results {#sec0045}
==========

3.1. Clinical and demographic data {#sec0050}
----------------------------------

Serum samples from a total of 43 children (Group A or therapeutic dose group, 8 subjects with multiple time points; Group B or healthy control group, 19 subjects with a single time point; Group C or APAP overdose group, 16 subjects with multiple time points post overdose exposure) were evaluated for metabolites using the Biocrates p180 kit. [Table 1](#tbl0005){ref-type="table"} summarizes the demographic and clinical parameters of the study subjects. Children in the three groups varied significantly with respect to age and sex. The children in group B were younger (median age: 9 years) than those of groups A and C (median ages, 13.83 years and 15.75 years respectively) and hence, had lower body weights. Groups B and C had more females (68.4% and 78.1% respectively) than group A. The subjects in the three groups did not differ significantly with respect to race and/or ethnicity (data not shown). All patients in Group C were judged to be "at risk" for APAP toxicity based on the Rumack nomogram [@bib0005], [@bib0115], and/or elevations of ALT and other clinical factors, such as co-ingestion of drugs altering gastric motility at the time of presentation to the hospital. In group C, 9 out of 16 subjects (56.3%) had ALT values \>1000 IU/L. All subjects in group C received treatment with the antidote, N-acetylcysteine (NAC). No deaths or liver transplants occurred in the study cohort.Table 1Demographic and Clinical Data, presented as median (range).Table 1Group A (Therapeutic) N = 8Group B (Control) N = 19Group C (Overdose) N = 16Age (years)[\*](#tblfn0005){ref-type="table-fn"}13.83 (9.33, 17.75)9.00 (2.67, 16.17)15.75 (1.50, 18.25)Weight (kg)[\*](#tblfn0005){ref-type="table-fn"}60.90 (11.60, 98.70)40.80 (11.40, 99.80)63.55 (10.00, 117.20)Sex (% Male)73.331.621.9Peak ALT (IU/L)[\*](#tblfn0005){ref-type="table-fn"}33.5 (7.00, 55)16.5 (10.00, 37.00)1827 (21.00, 2396.31)Peak Adduct[\*](#tblfn0005){ref-type="table-fn"} (nmol/mL)0.23 (0.05, 2.11)0.006 (0.00, 0.01)1.13 (0.50, 7.92)[^1]

3.2. Changes in ALT and APAP protein adducts by APAP exposure group {#sec0055}
-------------------------------------------------------------------

Summary data for ALT and APAP protein adducts are also provided in [Table 1](#tbl0005){ref-type="table"}. No significant differences were detected by pairwise comparisons in median ALT values between group A and group B ([Table 1](#tbl0005){ref-type="table"}). However, median levels of ALT and APAP protein adducts were significantly higher in group C than in groups A and B, and consistent with previous data, [@bib0005] significant correlations with ALT and APAP protein adducts were observed in group C (R^2^ = 0.78, p \< 0.05; [Fig. 4](#fig0020){ref-type="fig"}).Fig. 4Correlation plot showing Spearman Rank correlations between ALT, Adduct and the 22 significantly changing phospholipids. \* represent phospholipids with moderate to high correlation coefficients (R \> 0.5 or R \< −0.5, p \< 0.05). The larger the circle size the higher is the correlation coefficient. Cells with missing circles are statistically non-significant. n.Fig. 4

3.3. Changes in serum phospholipids by group {#sec0060}
--------------------------------------------

A multivariate Partial Least Squares-Discriminant Analysis (PLS-DA) model revealed clear separation between the three groups of children. Group C clearly separated from the other groups ([Fig. 1](#fig0005){ref-type="fig"}A), consistent with greater toxicity (elevated ALT and APAP protein adducts) in this group. The optimum six-component PLS-DA model captured approximately 56.4% of the variation in X variables (predictor variables: all metabolites) that correlated with approximately 97% of variation in the three groups. The goodness-of-predictability parameter (Q^2^), calculated by a seven-round internal cross-validation of the data, was approximately 77%. The model was further validated by repeated permutations (n = 1000) of the sample identifiers and a reference distribution of all R^2^ and Q^2^ values from the permuted PLSDA models were vetted against the actual model. The final PLSDA model was only accepted if the estimated probability of the candidate model randomly occurring was significantly low (p \< 0.05). The top 25 metabolites based on VIP values are shown in [Fig. 1](#fig0005){ref-type="fig"}B.Fig. 1Partial least squares discriminant analysis model. A) scores plot showing separation between the three subject groups, A (therapeutic), B (control) and C (overdose) along the first two PLS components. B) The top 25 metabolites based on the variable importance on the projection (VIP) values of the PLSDA model. The error bars around the VIP scores represent jack-knifing uncertainties.Fig. 1

Twenty two out of the top twenty five significant metabolites (or 88%) with VIP values \>1 were the phospholipids, PCs and lysoPCs. All 22 PCs and lysoPCs showed significant changes in the overdose group compared to the control group, while 8 of 22 were also significantly different in the therapeutic dose group compared to control group. In addition, 7 of 22 metabolites showed significant differences between the therapeutic and overdose groups. Summary data of peak values of the 22 metabolites found to be statistically significant by both multivariate and univariate analyses are presented in [Table 2](#tbl0010){ref-type="table"}. The metabolite that most clearly discriminated among the overdose and control groups was lysoPC-C26:1. A boxplot showing the median changes in lysoPC-C26:1 in the three groups is presented in [Fig. 2](#fig0010){ref-type="fig"}A. ROC curve ([Fig. 2](#fig0010){ref-type="fig"}B) analysis of lysoPC-C26:1 identified a cut-point of 0.9 UM (sensitivity 100%; specificity 100%) for this metabolite, with an AUC of 1 for discriminating the overdose group from the control group.Fig. 2(A) Boxplot showing changes in lysoPC-C26:1 in the APAP overdose and the therapeutic groups compared to controls. (B) ROC plot identified a cut-point of 0.9 UM (sensitivity 100%; specificity 100%) for lysoPC-C26:1, with an AUC of 1 (p-value \<0.001) in discriminating the overdose from the control group.Fig. 2Table 2Summary data of peak values of the 22 phospholipids by subgroup, presented as median and range.Table 2Phospho-lipidsTherapeutic (Gr A) (μM)Control (Gr B) (μM)Overdose (Gr C) (μM)PLS-DA VIPKruskal-Wallis p_valueDunn's test for Multiple comparisons (Benjamini-Hochberg adjusted p_value)B-AC-AC-BlysoPC a C14:01.97\
(1.54--3.82)2.02\
(0.99--2.63)3.41\
(2.50--4.75)1.72\<0.0004NS[\*](#tblfn0010){ref-type="table-fn"}\<0.002\<0.002lysoPC a C16:13.13\
(1.65--4.41)2.86\
(0.01--4.99)4.16\
(2.78--7.19)1.34\<0.03NSNS\<0.03lysoPC a C24:00.43\
(0.29--1.02)0.38\
(0.11--2.54)0.28\
(0.16--0.47)1.20\<0.009NS\<0.02\<0.02lysoPC a C26:12.99\
(2.68--3.45)2.80\
(1.20--3.22)0.36\
(0.15--0.76)2.53\<0.0000008NS\<0.00002\<0.00004lysoPC a C28:10.99\
0.83--1.59)0.70\
(0.11--1.65)0.57\
(0.35--0.92)1.57\<0.002\<0.047\<0.002\<0.047PC aa C30.02.79\
(1.9--6.47)2.26\
(0.33--4.11)3.35\
(2.43--10.45)1.42\<0.003NSNS\<0.002PC aa C32.017.85\
(12.57--49.03)13.87\
(0.11--42.20)20.56\
(12.79--46.67)1.40\<0.003\<0.048NS\<0.002PC aa C32.120.07\
(9.47--29.52)10.42\
(0.14--25.10)18.65\
(11.54--57.89)1.42\<0.0007\<0.011NS\<0.002PC aa C40.10.44\
(0.26--0.84)0.45\
(0.30--1.42)0.34\
(0.28--0.94)1.25\<0.03NSNS\<0.022PC aa C40.20.30\
(0.26--0.82)0.36\
(0.05--1.88)0.26\
(0.12--0.35)1.24\<0.007NSNS\<0.007PC aa C40.30.44\
(0.36--1.25)0.47\
(0.01--1.41)0.40\
(0.28--0.58)1.16\<0.043NSNS\<0.04PC aa C42.60.76\
(0.65--1.27)0.78\
(0.52--1.96)0.56\
(0.39--0.89)1.40\<0.003NS\<0.009\<0.007PC ae C34.27.77\
(5.94--16.11)11.55\
(0.03--16.47)8.62\
(6.47--11.49)1.72\<0.0004\<0.002NS\<0.003PC ae C34.35.20\
(3.27--18.52)10.38\
(0.07--15.46)6.01\
(3.43--11.60)1.73\<0.0001\<0.0007NS\<0.0008PC ae C36.212.70\
(10.94--27.60)14.51\
(0.04--23.20)10.49\
(8.87--16.24)1.49\<0.002NSNS\<0.0009PC ae C36.35.78\
(4.37--11.70)9.15\
(5.81--13.62)6.13\
(4.64--8.32)1.80\<0.0001\<0.001NS\<0.0005PC ae C36.56.47\
(4.2--35.65)13.36\
(0.04--38.27)10.38\
(6.80--18.20)1.59\<0.0009\<0.0007NS\<0.045PC ae C38.21.95\
(1.09--5.48)1.98\
(0.05--3.60)1.25\
(0.80--4.20)1.76\<0.0004NSNS\<0.0006PC ae C38.64.34\
(2.70--15.58)7.54\
(0.03--11.54)5.51\
(3.76--8.60)1.61\<0.002\<0.002NS\<0.019PC ae C42.00.63\
(0.46--1.11)0.58\
(0.45--1.61)0.47\
0.38--0.87)0.95\<0.022NS\<0.03\<0.03PC ae C42.20.33\
(0.11--0.95)0.38\
(0.20--0.76)0.29\
(0.13--0.54)1.23\<0.036NSNS\<0.045PC ae C44.30.16\
(0.05--0.33)0.12\
(0.01--0.25)0.09\
(0.03--0.21)1.44\<0.01NS\<0.03\<0.03[^2]

3.4. Structural differences in the phospholipids associated with toxicity {#sec0065}
-------------------------------------------------------------------------

Interestingly, among the significantly perturbed phospholipids, the lysoPCs with very long chain fatty acids (VLCFAs, \>C20), namely, lysoPCs -C24:0, -C26:1 and -C28:1- were decreased, while those with comparatively shorter chain lengths (≤C20) were increased in the overdose group compared to the therapeutic and control groups. This general trend was noticed among the lysoPCs, irrespective of whether statistically significant or not at p \< 0.05. Similarly, PCs with VLCFAs ≥ C38 were decreased while those with relatively shorter chain lengths ≤C36 were increased in overdose group compared to controls. Similar to lysoPCs, this trend was observed in the non-significant PCs too. All ether linked PCs were decreased in the overdose group compared to the controls. A heat map showing the changes in the different phospholipid classes in the three groups are presented in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 3A heatmap showing the changes in median concentrations (in log2 scale) in the three classes of phospholipids, lysoPCs, PCs and ether-linked PCs among the three subject groups.Fig. 3

3.5. Correlations of phospholipids to indicators of toxicity {#sec0070}
------------------------------------------------------------

Spearman Rank correlation analyses of ALT and APAP protein adducts with serum phospholipids was performed in the overdose group ([Fig. 4](#fig0020){ref-type="fig"}). Inverse correlations were observed for lysoPC a C26:1 with adducts (R = −0.598, p \< 8e-05) and with ALT (R = −0.574, p \< 0.0002). PC aa C32:0, PC aa C32:1 and the ether-linked phospholipids, PC ae C34:2, PC ae C34.3, PC ae C36.2, PC ae C36.3 and PC ae C38.2 also showed significant (R \> 0.5 or R \< −0.5, p \< 0.05) correlations to adducts and ALT ([Fig. 4](#fig0020){ref-type="fig"}).

To further examine the relationship of the highest discriminatory lipid (between the control and overdose group) lysoPC-C26:1 to toxicity, subjects were re-classified by APAP protein adduct status, as \<1.0 nmol/mL or ≥1.0 nmol/mL. This threshold was previously identified to have excellent sensitivity and specificity (97 and 95%, respectively) in patients with APAP liver injury with an ALT value of \>1000 IU/L [@bib0125]. ROC analysis determined that lysoPC-C26:1 \>1 uM was the optimum threshold to maximize sensitivity and specificity, 81.8% and 78.8%, respectively, in discriminating groups classified by adduct level (Fig. 5 in supplement). Additionally, when the subjects were stratified by lysoPC-C26:1 \<1 μM or lysoPC-C26:1 \> = 1 μM, APAP protein adduct and ALT levels were significantly different between the two groups (p \< 0.05).

Overall, our data demonstrate that perturbations in lysophosphatidylcholines and phosphatidylcholines occur in APAP toxicity in children and vary as a function of fatty acid chain lengths. LysoPCs and PCs with comparatively shorter chain lengths were elevated while those with very long chain fatty acids or VLCFAs were decreased in the APAP overdose group. All ether phosphatidylcholines were decreased in the overdose group compared to controls. The PCs and lysoPCs with VLCFAs hadsignificant correlations to the markers of APAP toxicity and metabolism, ALT and APAP-adducts, respectively. Furthermore, a lysophosphatidylcholine, lysoPC-C26:1 was identified as a strong candidate biomarker for APAP toxicity.

4. Discussion {#sec0075}
=============

Phospholipids are important components of the cell membranes in all living tissues including the liver [@bib0055], [@bib0140], [@bib0220]. They contribute to the physicochemical properties of the membrane influencing the conformation and function of membrane-bound proteins like receptors, ion channels, and transporters. As well, they regulate cell function by serving as precursors for prostaglandins and other signaling molecules [@bib0220]. One of the major classes of phospholipids in mammals is phosphatidylcholine (PC). In addition to being the major structural component of cellular membranes including mammalian liver, PC serves as a reservoir for several bioactive lipids including the most abundant lysophosphatidylcholine (lysoPC) which can function as small signaling molecules regulating diverse physiological and pathological processes through G protein-coupled receptors [@bib0055], [@bib0140]. LysoPC is known to participate in the processes of internal and external wound healing and organ regeneration as well as in the therapy of autoimmune and neurodegenerative diseases [@bib0055].

The chemical structure of PC consists of a polar head group with a choline and a phosphate group attached to two fatty acid residues via a glycerol moiety. LysoPCs are derived from PCs through partial hydrolysis and removal of one of the fatty acid residues by the enzymatic action of phospholipase A2. The carbon chain lengths of fatty acid residues, as well as their structural modifications in PCs and lysoPCs, have recently emerged as an important correlate of their biological functions [@bib0065], [@bib0070], [@bib0135]. Very few studies have reported phospholipid perturbations in APAP hepatotoxicity and to our knowledge, perturbations in phospholipids in APAP toxicity in humans have not been examined. Previous animal and cell culture studies reported lower levels of either total phospholipids [@bib0050], [@bib0215] or lysoPCs containing long chain fatty acids (between 14 and 20 carbons) [@bib0015], [@bib0065], [@bib0070]. A novel finding of the current study was the relationship between fatty acyl chain length of lysoPCs and PCs and their serum profiles in children with APAP overdose exposure. That is, lysoPCs and PCs with very long chain fatty acids (VLCFAs) were decreased, while those with comparatively shorter chain lengths were increased. Fatty acid chain length-dependent perturbations in lysoPCs and PCs have been reported in several models of cellular dysfunction but, to our knowledge, not in APAP hepatotoxicity [@bib0065], [@bib0135]. Moreover, few publications have addressed changes in lysoPCs with VLCFAs (\>22 carbons) in cellular toxicity. Interestingly, similar to our findings, Imhasly et al. [@bib0105] recently reported an increase in PCs with relatively short chain fatty acids, PC aa C30:2 and PC aa C32:2, and reduction in PCs with larger fatty acid components (≥34 carbons) in cows with hepatic lipidosis.

Even though numerous biological effects are exerted by lysoPCs depending on their specific structural properties, little research has investigated the underlying cellular and molecular mechanisms that drive structure-dependent changes in biologic function. Possible postulations include (1) decreased synthesis of PC's due to hypoxia or defects in oxidative phosphorylation [@bib0160] or (2) increased utilization of PCs to repair damaged cell membranes and to act as antioxidants [@bib0025]. It has also been suggested that depletions of lysoPCs could occur through reduced phospholipase A2 activity affecting hydrolysis of PCs to lysoPCs [@bib0010] or reduced activity of lecithin:cholesterol acyltransferase (LCAT) which affects lysoPC production by transacylation of the sn-2 fatty acid residue of lecithin to free cholesterol [@bib0055]. In a recent study [@bib0155] of [d]{.smallcaps}-galactosamine induced fulminant hepatic failure, long chain PCs and lysoPCs were depleted and then were restored through stem cell transplantation. Thus, collectively, the data suggest that both PCs and lysoPCs play a significant functional role in global liver injury and/or the recovery process.

In the present study we observed significant changes in PCs and lysoPCs with VLCFAs. Indeed, VLCFAs, carried by the phospholipids, have been implicated in many functions not substituted by other long chain fatty acids, including regulating cellular functions by affecting structural properties of the membrane like membrane fluidity, permeability, curvature, and lipid microdomain formation [@bib0130], [@bib0195]. It is possible that the dependency on the acyl chain length of the phospholipids may be related to the access or insertion process of the phospholipids to the membrane bilayers during hepatic regeneration [@bib0070].

One interesting finding of our study was the discriminatory effect of lysoPC-C26:1, a lysoPC with a VLCFA, among the control and overdose groups. This lysoPC was highly decreased in the overdose group (compared to the control or the therapeutic dose groups) and was statistically significant before and after adjusting for age and sex in logistic regression models. Interestingly, lysoPC-C26:0, the unsaturated native of lysoPC-C26:1, was recently reported as a candidate biomarker for X-linked adrenoleukodystrophy (X-ALD) [@bib0095] and other peroxisomal disorders of peroxisomal β-oxidation like Zellweger syndrome [@bib0205]. Indeed, APAP has been reported to directly or indirectly perturb peroxisomal activity and activation of PPAR-alpha, a major regulator of mitochondrial and peroxisomal β-oxidation is known to protect against APAP hepatotoxicity in the mouse model [@bib0175].

Both PCs and lysoPCs have been implicated in metabolic and inflammatory diseases such as diabetes, Alzheimer's disease, and pre-hypertension [@bib0055], [@bib0135], [@bib0210], [@bib0235]. However little is known about the underlying mechanisms leading to changes in phospholipids in drug induced hepatotoxicity. Given the fact that APAP-induced toxicity has been mechanistically linked to mitochondrial dysfunction, oxidative stress, nitrogen stress, lipid peroxidation, increased inflammation and eicosanoid generation, it is possible that perturbations in PCs and lysoPCs are directly or indirectly linked to some or all of the above events. The perturbations may also be associated with the liver regeneration process through structure-based selective insertions in membrane bilayers. Nonetheless, further investigation of the role of perturbations in PCs and lysoPCs in APAP toxicity is warranted as the collective data, based on animal studies and our current study, suggest that these metabolites may be linked to mechanisms that regulate hepatocellular homeostasis.

Our results from this exploratory study have limitations common to small-scale cross-sectional and observational studies. We were able to evaluate associations of the metabolites to toxicity outcomes, rather than assessing prospective predictions. Group A subjects were heterogeneous both in APAP dosing (administered on an as needed basis) and medical conditions requiring hospitalization which may have contributed to the variability of observed phospholipids in this group. Another limitation of the study was that the sample collection schedules were aligned with clinically-indicated monitoring of APAP overdose. Due to the convenience sampling design of the study, the data points were analyzed relative to peak measurements of all analytes and biomarkers as has been reported previously [@bib0005], [@bib0115], [@bib0120], [@bib0125]. The three subject groups differed somewhat by age and gender due to the nature of the study design and convenience sampling. In general, there is evidence in published literature that age and sex variation contributes to drug toxicity profiles. However, despite a massive experimental literature related to APAP, data on impact of age and gender on APAP-induced liver toxicity is pretty limited and drawn mostly from animal models or in vitro studies. There are few studies that have shown that older patients (\>40 years of age) are at risk to develop APAP toxicity [@bib0200] while children less than five years old appear less susceptible to APAP toxicity due to increased rate of glutathione synthesis and greater activity of conjugation enzymes [@bib0150], [@bib0185]. Adult patterns of APAP metabolism are reached between 10 and 12 years of age, in children [@bib0190]. In terms of sex differences in APAP-toxicity, female mice have been shown to be more resistant to APAP induced hepatotoxicity [@bib0035]. The sex-specific differences are poorly understood in molecular or cellular terms and are primarily thought to be due to fundamental physiological differences like pharmacokinetics/pharmacodynamics or hormones. Thus existing knowledge is sparse in terms of age or sex as confounders in APAP toxicity in humans, especially in the pediatric population and how it can impact phospholipid profiles. The differences in age and sex in our study population and its impact on the observed lipid differences need to be addressed in a future, larger study cohort. In addition, the observed changes in the phospholipids may have been influenced by nutritional status and other unknown environmental factors. In this study the nutritional status was not controlled for in any of the three groups due to the nature of the study design (i.e., a pediatric study involving hospitalized children in which control of diet would be difficult due to the variety of medical conditions of the children). Future studies in older populations using healthy subjects would allow for a more controlled evaluation of the relationship between nutritional status, APAP dose, and phospholipid perturbations. Despite these limitations, the findings of this study conducted in the "real world" setting of APAP toxicity and therapeutic exposure among ill children and adolescents does have similar findings to those observed in highly controlled experimental studies of APAP toxicity in rodents. One noted advantage of pediatric study populations is that they are in general devoid of long-term, chronic illnesses such as pre-existing liver disease (eg., non-alcoholic fatty liver disease) that would be a likely covariate of adult populations.

In conclusion, this study provides a proof-of-concept data to prompt further in-depth investigation of the role of phospholipids in drug-induced liver injury both from the perspective of dysfunction and evolving resolution of liver injury to normal homeostatic function. The structure based perturbations of the PCs and LPCs in APAP toxicity is a novel finding and needs to be further explored to better understand the functional and mechanistic implications of these endogenous metabolites in APAP hepatotoxicity.
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[^1]: Statistically significant (Kruskal-Wallis test p-value \<0.05).

[^2]: NS represents non-significant p values.
